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ABSTRACT

The numerical results for secondary flow patterns and heat transfer distribution in a two-

pass, square duct:'with a 180-degree sharp turn are presented to examine the effects of three

different turning configurations; i.e., (a) straight-comer turn, (b) rounded-comer turn, and (c)

circular turn. The simulation employs a non-staggered grid, pressure-based, finite-difference

method and solves for three-dimensional transport equations in curvilinear coordinates.

Modeling of turbulence uses an extended version of k-c model. The computed results reveal that

secondary flow in the post-turn region displays combined features of a bend-induced, Dean-type

circulation and a form-induced separation behind the partition wall. However, the detailed flow

structure as well its effect on the local heat transfer varies significantly with different turn

configurations. At the turn, the straight-comer case has the strongest turn-induced heat transfer

enhancement, while the circular turn has the weakest. In the post-turn region, heat transfer with

circular turn surpasses that of the other two configurations, by almost the same difference in the

turning region. Average heat transfer results from the present numerical modeling agree

favorably with experimental data.



( ¢ f r

NOMENCLATURE

A

Cp

C_t

C1, C2, C3
D
G
h
J
k
L
Nu

S
T
t

U

U, V, W

x, y, z

pressure coefficient

turbulence modeling constant

turbulence modeling constants for e-equation

square channel width
diffusion matrix.
heat transfer coefficient

Jacobian

fluid thermal conductivity
total streamwise length of sidewall
Nusselt number

turbulent kinetic energy production term

pressure
source term

temperature
time

contravariant velocity
velocity component s
coordinate axes

Greek Symbols

E

q_

K

_t

9

dissipation rate of turbulent kinetic energy

viscous dissipation function

general dependent variable

turbulent kinetic energy

viscosity

density

turbulence modeling constant

transformed curvilinear coordinate

Subscript

A
i

i,j,k
1

0

W

¢

perimeter-averaged, streamwise-resolved
at inlet
tensor indices
laminar

fully developed straight duct without turn
wall

turbulent

dependent variable
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INTRODUCTION

Forced flow through channels connected by 180-degree bends is frequently encountered

in various turbomachinery and heat exchanger devices. One of the most notable features in such

systems is the effect of the turn-induced secondary flow on the transport phenomena around the

bend. Typically, for flows through a curved duct, the imbalance between the radial pressure

gradient and the centrifugal force sets up the so-called Dean-type secondary motion (Dean,

1959). The fluid near the mid-plane of the duct moves radially outward, and then moves inward

along the top and bottom walls to merge at the mid-plane near the inner wall. Most of the earlier

work pertaining to turning flow is primarily directed to the bend geometry having relatively large

radii of curvature compared to the channel hydraulic diameter (Mori & Nakayama, 1967, 1971;

Cheng & Aldyama, 1970; Humphrey et al., 1977). In such configurations, flow separation is

either absent or at least insignificant. Further, heat transfer from the outer (concave) wall is

always higher than that from the inner (convex) wall. Several recent studies (Johnson and

Launder, 1985; Baughn et al., 1987, Johnson, 1988) on flow through a 180-degree U-bend are

also considered to fall into this category.

As a contrast to the mild-bend duct, the present study focuses on a sharp, 180-degree turn

with extremely small radius of curvature. Such a geometry is typical for cooling passages inside

a rocket nozzle liner or a gas turbine blade or vane. The channel cross-section for both

applications often has a very low aspect ratio (about unity), and the flow is generally turbulent. In

the open literature, previous studies concerning transport features with a 180-degree sharp turn

are directed mostly to turbine blade cooling. Since the mid-1980's, Metzger and his co-workers

(Metzger et al. 1984, 1988; Metzger and Sahm, 1986; Fan and Metzger, 1987) at Arizona State

University have published a series of studies on surface streakline patterns, pressure

measurements, and "regionally local" heat transfer coefficients for a large family of smooth and

rough channels. Recently, Chyu (1991) using an analogous mass transfer system have examined

both two-pass and three-pass (two turns) channels with rectangular turns. His mass transfer

results agree favorably with the heat transfer results reported by Metzger's group. A general

observation from all the studies indicates that the flow near the turning region is subjected to

vigorous separation, recirculation and reattachment. This results in a highly non-uniform heat

transfer distribution.

Compared to its heat transfer counterpart, studies on flow characteristic around a sharp

180-degree turn are relatively fewer and insufficiently understood. Earlier studies in this regard

are largely for laminar flow (Murthy and Chyu, 1987; Jiang et al., 1980, Cheng et al., 1992)
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rather than turbulent flow. Thus one of the primary motivations of the present research is to

obtain detailed information on the turbulent flowfield and its effects on the local heat transfer.

Another issue explored here is to examine the influence of turn configuration on the overall

transport phenomena in the passage, which is an area little addressed previously. Figure 1 gives

schematics of three different turn configurations of present interest; i.e., (a) rectangular turn, (b)

rounded-comer turn, and (c) circular-comer turn. The rectangular turn is the most common case

when a 180-degree sharp turn is modeled in laboratory and adopted virtually in all of the

previous studies. However, due to manufacturing limits, the comers of an actual internal cooling

passage can never be perfectly sharp, and the rounded comer is most likely the shape in reality.

To a great extent, a rounded-comer turn can be considered to be a combination of both

rectangular turn and circular turn. It is expected that the difference in turn geometry can have

significant impacts on the nature of flow and heat transfer. Boyle (1984) earlier has measured the

regional heat transfer with three turn geometries similar to the present ones. In his study, only the

top and bottom walls are heated while the side walls are insulated.

In the present study, the turbulent flowfield and heat transfer in a two-pass channels with

the three different turns aforementioned are numerically simulated using a f'mite difference

method. The flow computation undertaken is to solve the incompressible, three dimensional

Navier-Stokes equations with an extended k-e turbulence model. Temperature and heat transfer

are calculated by solving the energy equation subsequent to the attainment of a converged

velocity field. Except for the details in turn configuration, the channel geometry is virtually the

same as that of a rectangular-turn model employed in an experimental study by Chyu (1991). As

shown in Figure 1, the channel has a square cross-section with a length of eight channel-width

(D), for each pass. The width of the partition wall that separates the two flow passes is one-half

the channel width. At the turn, the gap between the tip of the partition wall and the channel outer

wall is kept equal to the channel height. For the case of rounded-comer turn, the radius of

curvature for the outer wall and at the tip of partition wall is 0.5D and 0.25D, respectively. It is

understandable that variation in these turn geometric parameters may yield different results from

that of present study. Also shown in Figure 1 is the coordinate system. The z-axis (not shown),

along the channel height, is normal to the plane by the right-hand rule.

GOVERNING EQUATIONS AND COMPUTATIONAL SCHEME

The present numerical simulation uses a non-staggered grid, pressure based transport equation

solver with an extended version of two-equation k-e turbulence model (Chen and Kim, 1987).

While the computer code has all-speed capability (Chen, 1989; Wang, 1992) for both
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compressible and incompressible flows, the present study only uses the incompressible feature.

The basic equations employed to describe the momentum and heat transfer in the computational

domain are the three-dimensional, Reynolds-averaged transport equations. A generalized form

of these equations written in curvilinear coordinates is given by

(1/J)(apq)/_t) = a[-PUi_0 + [.tGij(aq)/_j)]/_i + (l/J) S(p (1)

where J, U i and Gij represent the Iacobian of the coordinate transformation, contravariant

velocities, and diffusion matrices, respectively. They are written as:

J = 8({i, {j, {k)/8(x,y, z) (2)

U i = (uj/J)(8{i/_xj) (3)

Gij = (_{i/_Xk) (8{j/_Xk)/J (4)

The symbol q) represents a general dependent variable that can be 1, u, v, w, T, k or E,

respectively for the equation of continuity, momentum, energy, turbulent kinetic energy, and

turbulent kinetic energy dissipation rate. The symbol _ is the transformed curvilinear coordinate.

_t = (_t 1 + g'r)/Cq) represents the effective viscosity based on the turbulent eddy viscosity

model.__where I.t1 is the laminar viscosity and !_ = PCl.tk2/£ is the turbulence eddy viscosity.

C_t and (rq) denote turbulence modeling constants. The turbulence model constants G(p and the

source terms Sq) are given in Table 1,

Table 1: G(p and Sq) of incompressible transport equations

1 1.00 0

u 1.00 - Px

v 1.00 - py

w 1.00 - Pz

T 0.95

k 0.89 P(Pk

£ 1.15

+V [_(uj )x]

+V [_(uj )y]

+V[_(Uj)z]

- E)

p(£/k) (CIPk-C2£+C3 Pk2/£)

where 4) is the energy dissipation function, Pk represents the turbulent kinetic energy production

term, and C 1, C 2 and C 3 are model constants for the two-equation turbulence model. The present
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computationsolvesthegoverningequationsin dimensionlessform. With constant-property

assumption,energyequationis decoupledfrom otherequations,so temperaturefield is solved

subsequentto theattainmentof aconvergedflowfield.

To solvethesystemof couplednonlinearpartialdifferential equations, it uses finite

difference approximations to establish a system of linearized algebraic equations. An adaptive

upwind scheme is utilized to model the convective terms of the momentum, energy and

continuity equations, which is based on second and fourth order central differencing with

artificial dissipation. Discretization of viscous fluxes and source terms uses a second-order

central difference approximation. For velocity-pressure coupling, the present solution procedure

employs a pressure-based, predictor followed by multi-corrector approach. Details of the present

numerical methodology is given by Wang and Chen (1990) and Wang (1992).

2

Due to symmetry, the computational domain occupies the top half of the flow channel.

Along all the solid walls, no-slip condition is applied for velocities, and temperature is assumed

constant. For ne_-wall turbulence treatment, it uses a wall function with mod!fie d flux source

and a velocity prof'lle--capabie-o-fpr-0-viding asmooth _ansition between logarithmic law-of-wall

and linear variation in viscous sublayer. Such a treatment significantly reduces the flux

dependence on the near-wall spacing (ciaen and Kim, 1987). The inlet conditions are fully

developed profiles for velocities and turbulentparameters. These are resulted from a separate

calculation for flow in a straight channel prior to the actual computations. Computations for all

three turn configurations use the same number of grids, 65x41x21, distributed in the flow region,

which is generated algebraically with significant packing in the turning regions. The Reynolds

number based on the mean velocity and the channel width is 7.5 x 104, and the Prandtl number is

0.7 for air flow. All calculations were performed in a Cray XMP supercomputer. A converged

solution for all variables requires approximately one hour of CPU time.

Using the straight-corner turn as a test case, three different grids; i.e., 51xllx11,

65x3 lx15, and 65x41x21 are chosen to examine the grid indepence. Results from such a

comparative study indicate that differences among these grids have little impact on both

momentum characteristics and heat transfer. The maximum changes in the perimeter-averaged,

streamwise-resolved local heat transfer are about 11% between the coarsest grid and the

intermediate grid, and 5% between the intermediate grid and the finest grid. The corresponding

overall average changes are approximately 6% and 2%, respectively. The local maximum

variations always occur in the downstream portion of the turn where the flow has probably the
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mostcomplexfeaturesover theentirecomputationaldomain. However,differencein the

streamwisedistribution of pressurecoefficientis virtually unnoticeable.

RESULTSAND DISCUSSION

Figure2 showsthevelocity vectorsin theturningregionviewedon thecentralplane(x-y

plane)of theduct.Upstreamto theturning,all threecasesexhibit similar flow behavior.Dueto

favorablelongitudinal pressuregradient, flow neartheinnerwall experiencesaslight

acceleration.Conversely,becauseof theadversepressuregradient,theflow neartheouterwall

decelerates.Insideandaftertheturn, theflow displayssignificantlydifferentpatternsbetween

thecasesof straight-comerandcircular-comer.Therounded-comerturn, asexpected,
demonstratesflow featuresof thoseof theothertwoturn typescombined.For bothstraight-

comerandrounded-comerturns, recirculatingzonesexistneartheupstreamoutercomerand

•adjacentto thetip of partition-wall.For thestraight-comerturn, aratherweakrecirculation

appearsin the downstreamoutercomer.Apparently,thesegeometry-inducedflow separations

arenon-existentfor thecircular turn thathasthesmoothestturningprofile. In thepost-turn

region, thecircular-turn,on thisparticularviewing plane,hasthestrongestrecirculationzone

immediatelyadjacentto thepartition wall. In fact, theothertwo casesalsohavevery(evenmore)

significant recirculation in theregion,which is evidentwhenviewedfrom otherplanes.Suchan
inclined recirculation is largelyattributableto thefact thatthemainstreamis divertedby the

sharpedgeof thepartition-wall, in conjunctionwith strongerturn-inducedsecondaryflows as

comparedto thecircular-cornerturn.

Oneof themostintriguingfeaturesfor flows throughabendis theexistenceof secondary

flow, which movesalongadirectionperpendicularto that of themainstream.Figures3 to 5 show

theevolutionof thesecondaryflow patternfor all threeturningshapes.The viewing orientation

for thesevelocity-vectorplotsis chosenasonemovesalongthestreamwisedirectionandis

alwaysfacing downstream.Hence,for anyviewing plane,theright sidewall is always the inner-

wall and the left sidewall, on the other hand, is always the outer-wall. The four plots shown for

each case represent different streamwise locations; i.e., (a) pre-tum, x/D = 6, (b) mid-turn, y/D =

0, (c) post-turn, x/D = 6, and (d) passage exit, x/D = 0. At the pre-tum location, secondary flow

pattern is relatively insensitive to the difference in turn configuration. Here the mainstream

begins to sense the turning, and the higher pressure near the outer wall forces the flow moving

toward the inner wall. Boundary layer separation near the outer wall is evident for both straight-

comer and rounded-comer turns; while, on the contrary, the circular-comer case shows no sign

of such a separation.



As flow reachesthemid-planeof turning,atypicalDean-typerecirculatingpatternis

clearlyobserved.This is knownto beinducedby theimbalanceof centrifugalforceandpressure

gradient.Thefluid in thechannelcoreregionexperiencesalargercentrifugalforcethanthatnear

thewall. It is thedifferential of thecentrifugalforceandthepressuregradientthatpushesthe

flow moving from theinner-wall towardtheouter-wall.For agivenz-coordinate,thepressureis

greatestat theouterwall andsmallestat theinnerwall. Along thez-axis,thepressureis highest

at thecentralplane(z/D = 0) anddecreasestowardthetopwall. Henceaclockwisecirculationis

resultedasseenin thesub-figure(b) for all threeturnconfigurations.However,with regardto

the intensityof circulation, thecircular-comerturn is theweakest,while theothertwo stronger

casesarecomparable.As aresult of weakcirculation,thecenterof circulationis closestto the

top wall for thecircular-cornerturn. Another notable feature observed is the flow separation near

the tip of the partition wall, which is most evident for the straight-comer turn, and virtually no

separation exists in the circular-corner turn.

The post-turn secondary flow pattems become more complex, as the Dean-type

circulation and the recirculating zone adjacent to the partition wall both appear in the region.

Because the sense of rotation between these two flow features is opposite, a stagnant region is

thus formed near the channel core (z/D = 0, about 1/3 from the inner wall), from which the flow

splits and moves in opposite directions toward the sidewalls. The recirculating feature

immediately adjacent to the partition wall is very dominating for both straight-comer turn and

rounded-comer turn, while such a phenomenon is virtually absent for the circular turn. This

represents a major effect of turn configuration on the flow structure in the post-turn region.

According to Figure 2, the recirculating flow behind the partition wall for the circular turn is

largely dominated by a vortex having its rotating axis normal to the x-y plane. As a sharp

contrast, the rotating axis for the other two cases lies on the x-axis, along the mainstream

direction. This further implies that much higher level of swirl exists in the post-turn recirculating

region for both the straight-corner turn and rounded comer turn. At the channel exit, sub-figures

(d), the secondary flow remains to bear the influence of Dean-type circulation. However, the

differences in turn geometry virtually have no effect here.

It is understandable that the details in secondary flow pattern are largely dependent on the

pressure distributions in the channel. Figure 6 reveals the local pressure coefficients on the two

side walls along the channel central plane (z/D = 0). Note that the value of abscissa, ranging from

0 to 1.0 for all cases, is a dimensionless streamwise coordinate normalized by the total span of

each sidewall. As expected, notable pressure differences between the two sidewalls exist in the

6



turningregion,andtheydiminish astheoverall pressurerecoverstowardthedownstreamof the

second pass. The case with straight-corner turn has the greatest pressure drop over the entire

channel; while the circular turn has the least drop. A somewhat surprising finding is that the

rounded-comer turn reveals an overall pressure drop similar to that with the circular turn. For

both straight-corner and rounded-comer configurations, pressure on the outer wall exhibits two

local maxima in the turning region. The upstream minimum locates approximately in the mid-

section of the turn, and the downstream one locates slightly downstream of the second comer.

This is primarily caused by direct impingement of the mainstream as the flow is unable to

negotiate the sharp turn. For all three cases studied, very low pressure coefficients consistently

exist near the mid-section of the inner wall. However, according to the flow pattern shown in

Figure 2, cause for such high pressure drops may vary with different turn geometries. For

straight-comer and rounded-corner turns, it is attributable to the flow separation near the tip of

the partition wall. For the circular-turn, the tip-induced separation is rather insignificant, so the

pressure drop is primarily caused by flow acceleration near the tip.

The local heat transfer coefficient, h, is defined as

h = q / (T w - T i) (5)

where T w and T i represent the wall temperature and the flow inlet temperature, respectively. The

values of both temperatures are kept as constant in the present study. The dimensionless heat

transfer coefficient, Nusselt number, is defined as

Nu = hD/k (6)

Note that the present def'mition of h is different from the conventional way for internal flow,

which typically uses the flow bulk temperature as the reference temperature. However, due

mainly to complexity in flow direction, the bulk temperature near the turn is somewhat difficult

to evaluate. The value of h or Nu under the present definition is linearly proportional to the

magnitude of local heat flux.

Figure 7 displays the contours of Nu on the top wall over the entire channel. Although

similar plots for the sidewalls are not given here, heat transfer characteristics on these surfaces

generally follow the trends of top-wall Nu variation along the mainstream direction. For all the

cases studied, heat transfer in the straight portion of the first pass reveals the thermally

developing characteristics, as Nu decreases with the streamwise coordinate. Just prior to the



turningregion, largely dueto flow decelerationandseparation,themagnitudeof heattransfer
coefficient on thechannelouterwall decreases.On thecontrary,theboundarylayerflow

accelerationenhancestheheattransfernearthe innerwall. Proceedinginto theturn, heattransfer

generallyincreases,but with severelocalnon-uniformity.Suchaspatialnon-uniformityis the

strongestfor thestraight-cornerturn, andtheweakestfor thecircular turn.For thestraight-corner

case,theNusseltnumbercontoursdisplaytwolocalmaximain themid-turnandslightly
downstreamto theturn. Both locationscoincidewith thestreamwiselocationsof thepeak

pressureon theouterwall. Thetwo maximaappearto mergeandshift slightly downstreamfor
therounded-cornerturn. Suchasinglemaximumzonelocatesfurtherdownstreamfor the

circular turn. Despitedifferentlocations,thevaluesof maximumheattransferfor all threecases

arequitecomparable,abouttwiceasmuchthemagnitudewith fully-developed,straightchannel
flow. Anotherstrongspatial-variationin Nusseltnumberlies in theregionimmediatelybehind

thepartitionwall, wheretherecirculatingflow resultsin low heattransferin theregion,lessthan

half of its fully-developedcounterpartin astraightduct.Thesizeof suchalow heattransferzone

is largestfor thestraight-cornerturn,andthesmallestfor thecircular turn. Accordingly,sharp

tipsfor apartition wall maybeundesirableastheinternalpassagecoolingeffectivenessis of
concern.

Figure 8 showsthestreamwise-resolved,perimeter-averagedNusseltnumber,NUA,
which is doneby integratingthelocalNusseltnumberonall participatingwalls at agiven

streamwiselocation.Note that here the reference temperature uses the bulk temperature for the

definition of such a mean heat transfer coefficient. The resulting averaged Nusselt number is

normalized by its fully developed counterpart in a straight duct without turn; i.e.,

Nuo = 0.023 Re 0.8 Pr 0.4 (7)

Also given in the figure is the regional average data from a recent experimental study by Chyu

(1991). Note that the results from both experimental and numerical approaches agree very

favorably. In the turning region, say 0.4 < x/L < 0.6, the straight-corner turn has the highest heat

transfer, while the circular turn has the lowest heat transfer, the difference between them is

approximately 30%. The rounded-corner case falls slightly lower, by 5%, than the straight-corner

case. However, in the post-turn region, heat transfer with circular turn surpasses that of the other

two configurations, by almost the same amount of difference in the turning region. This implies

that, from the standpoint of heat transfer enhancement, sharp corner turns may be more favorable

for a short passage, and, on the other hand, a smooth corner turn is more beneficial for a long

passage. Because of the aforementioned offset, heat transfer over the entire channel are



comparablewithin 8%for all thethreecasesstudied.Thestraight-cornerturnremainsto bethe

highest(37%enhancementrelativeto thefully developed,straightchannelflow), followedby
therounded-cornerturn (31%),andthecircular-cornerturn(29%). If the issueof heattransfer

perpumpingpower is of concern,aturn with roundedcornersappearto bethebestchoice.

CONCLUDING REMARKS

Secondaryflow andheattransferin atwo-pass,squareductwith a 180-degreesharpturn

arestudiedusinga three-dimensional,numericalsimulation.Particularemphasisis placedon the
effectsof threedifferent turnconfigurations;i.e., (a)straight-cornerturn, (b) rounded-corner

turn, and(c) circular turnon theconvectivetransportfeaturesin the duct. Thecomputation
employsanon-staggeredgrid, pressure-based,finite-differencemethodwith anextendedk-E

turbulencemodel to solvegoverningequationstransformedin curvilinearcoordinates.The

computationalresultsrevealdetailedflow patternsandpressurecharacteristicsneartheturn.The

secondaryflow in thepost-turnregionshowscombinedfeaturesof abend-induced,Dean-type

circulationanda form-inducedseparationbehindthepartition wall. This effectvaries
significantly with different turngeometries.A turnwith sharpcorners;i.e. eitherstraightor

roundedcorners,inducesstrongflow swirl in thesecondpassafter theturn. Overallheattransfer

standsgreatlyincreasedin theturningregion;nevertheless,spatialvariationin the localheat

transferis alsovery significant.Theextentof local heattransfervariationdependsstronglyon
theturn geometryandedgeshapeof thepartitionwall. Theamountof heattransferin theturning

regionis generallyhigherfor thestraight-cornerandrounded-comerturnsthanfor thecircular

tum, by approximately30%in thepresentcase.However, in thepost-turnregionandthe

second-pass,heattransferwith circular turnsurpassesthatof theotherturnconfigurations,by
almostthesamedifferencein theturningregion.Hence,heattransferover theentirechannelare

comparablewithin 8%for all the threecasesstudied.Regional-averageheattransferresultsfrom
thepresentcomputationagreefavorablywith thosefrom theexperimentalmeasurements.
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FIGURES

Fig. 1 Turn Configuration

a) Straight-cornerTurn
b) Rounded-comerTurn
c) Circular-comerTurn

Fig. 2 Velocity Vector onCenterPlane(z/D = 0)

a) Straight-cornerTurn
b) Rounded-comerTurn
c) Circular-comerTurn

Fig. 3 SecondaryFlow with Straight-comerTurn

Fig. 4 SecondaryFlow with Rounded-comerTurn

Fig. 5 SecondaryFlow with Circular-comerTurn

Fig. 6 PressureCoefficient

Fig. 7 Local NusseltNumberDistribution

a) Straight-cornerTurn
b) Rounded-comerTurn
c) Circular-comerTurn

Fig. 8 Strreamwise-ResolvedAverageNusseltNumber
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